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To clarify the structure of solvent clusters formed in halogenoethanol-water mixtures at the molecular level,
large-angle X-ray scattering (LAXS) measurements have been made at 298 K on 2,2,2-trifluoroethanol (TFE),
2,2,2-trichloroethanol (TCE), and their aqueous mixtures in the TFE and TCE mole fraction ranges of 0.002
e xTFE e 0.9 and 0.5e xTCE e 0.9, respectively. The radial distribution functions (RDFs) for TFE-water
mixtures have shown that the structural transition from inherent TFE structure to the tetrahedral-like structure
of water takes place atxTFE ≈ 0.2. In the TCE-water mixtures inherent TCE structure remains in the range
of 0.5 e xTCE e 1. Small-angle neutron scattering (SANS) experiments have been performed on CF3CH2-
OD- (TFE-d1-) D2O and CF3CD2OH- (TFE-d2-) H2O mixtures in the TFE mole fraction range of 0.05e
xTFE e 0.8. The SANS results in terms of the Ornstein-Zernike correlation length have revealed that TFE
and water molecules are most heterogeneously mixed with each other in the TFE-water mixture atxTFE ≈
0.15, i.e., both TFE clusters and water clusters are most enhanced in the mixture. To evaluate the dynamics
of TFE and ethanol (EtOH) molecules in TFE-water and ethanol-water mixtures, respectively,1H NMR
relaxation rates for the methylene group within alcohol molecules have been measured by using an inversion-
recovery method. The alcohol concentration dependence of the relaxation rates for the TFE-water and ethanol-
water mixtures has shown a break point atxTFE ≈ 0.15 andxEtOH ≈ 0.2, respectively, where the structural
transition from alcohol clusters to the tetrahedral-like structure of water takes place. On the basis of the
present results, the most likely structure models of solvent clusters predominantly formed in TFE-water and
TCE-water mixtures are proposed. In addition, effects of halogenation of the hydrophobic groups on clustering
of alcohol molecules are discussed from the present results, together with the previous ones for ethanol-
water and 1,1,1,3,3,3-hexafluoro-2-propanol- (HFIP-) water mixtures.

Introduction

Halogeno alcohols, such as TFE1-7 and HFIP,8 have often
been used in the fields of biochemistry and biophysics to
investigate functions of peptides and proteins because they
promoteR-helical structure of peptides and proteins in aqueous
solution more strongly than aliphatic alcohols, such as ethanol
and 2-propanol. However, the underlying mechanism of alcohol-
inducedR-helix formation and denaturation of peptides and
proteins has not yet been well understood at the molecular level.
So far, the mechanism has frequently been discussed in terms
of changes in dielectric constant and pH of aqueous peptide
and protein solutions by addition of alcohol. Recently, it has
been reported that solvent clusters formed in alcohol-water
mixtures are an important factor for the alcohol-induced
R-helical structure of peptides and proteins.9-11

In a previous investigation, we have clarified the structure
and dynamics of HFIP-water binary mixtures by using LAXS,
SANS, NMR, and mass spectrometry.12 On the basis of all the

results, it has been concluded that the tetrahedral-like structure
of water is mainly formed in the HFIP-water mixtures in the
range of HFIP mole fractionxHFIP e ∼0.1, while inherent HFIP
structure is gradually evolved in the mixtures with increasing
HFIP mole fraction in the rage ofxHFIP g ∼0.15, i.e., the
structural transition from inherent HFIP structure to the tetrahedral-
like structure of water takes place atxHFIP ≈ 0.1. In particular,
the SANS experiment on HFIP-D2O mixtures at variousxHFIP

has suggested that clustering and microheterogeneity in the
mixtures are most enhanced atxHFIP ≈ 0.06. This is in good
agreement with the investigation by Goto and co-workers.11

Their results of small-angle X-ray scattering (SAXS) measure-
ments have shown that clustering of TFE and HFIP molecules
is most progressed in TFE-water and HFIP-water mixtures
at 30% (v/v) of alcohol, which corresponds to a HFIP mole
fraction of xHFIP ≈ 0.06, and the clustering is strongly related
to the promotion of theR-helical structure ofâ-lactoglobulin
and melittin. For other halogeno alcohols, it has been reported
that TCE, monochloroethanol, and dichloroethanol molecules
strongly interact with proteins in aqueous mixtures.13,14 More-
over, the effect of alcohol-induced secondary structure of
peptides and proteins increases in the order of monobromo-
ethanol> monochloroethaol> monofluoroethanol.10,14 How-
ever, detailed structures of halogeno alcohol-water mixtures
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have not yet been clarified at the molecular level, except for
that of HFIP-water mixtures in the previous investigation.12

In the present investigation, to clarify the structure and
dynamics of pure TFE and TFE-water over the TFE mole
fraction range of 0.002e xTFE e 0.9, LAXS, SANS, and1H
NMR relaxation experiments at 298 K have been made on TFE
and TFE-water mixtures. LAXS measurements at 298 K have
been performed on TCE and TCE-water mixtures in a limited
TCE mole fraction range of 0.5e xTCE < 1 because TCE is
immiscible at 298 K with water whenxTCE < 0.5. From these
results the most likely structural changes in dominant solvent
clusters formed in TFE-water and TCE-water mixtures with
alcohol mole fraction are proposed. In addition, effects of the
halogenation of the hydrophobic group on clustering of alcohol
molecules are discussed from the present results, together with
the previous ones for ethanol-water15-17 and HFIP-water
mixtures.12

Experimental Section

Sample Solutions.TFE (Tokyo Kasei Industry, extra grade),
TCE (Tokyo Kasei Industry, extra grade), and ethanol (Wako
Pure Chemicals, grade for high performance liquid chromatog-
raphy) were dried with thermally activated 4 Å molecular sieves
for several days. Doubly distilled water was used for LAXS
and NMR relaxation experiments. For the SANS experiments,
TFE-d1 (Aldrich, D atom content of 99.5%), TFE-d2 (ISOTEC,
D atom content of 99.5%), and D2O (Aldrich, D atom content
of 99.9%) were used without further purification. Sample
solutions of the alcohol-water mixtures were prepared by
weighing alcohol and water to the required alcohol mole
fractions.

LAXS Measurements.LAXS measurements at 298 K were
made on pure TFE and TFE-water mixtures atxTFE ) 0.002,
0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9 and pure
TCE and TCE-water mixtures atxTCE ) 0.5, 0.6, 0.7, 0.8, and
0.9. The TCE-water mixtures atxTCE < 0.5 were not available
since both solvents are not miscible in this range. A rapid liquid
X-ray diffractometer (BRUKER AXS, model DIP301) with an
imaging plate (IP) (Fuji Film Co.) as a two-dimensional detector
were used in the present LAXS experiments. Details of X-ray
diffractometer have been described elsewhere.18,19Densities for
the sample solutions were measured at 298 K by using a
densimeter (Anton Paar K.G., DMA60). X-rays were generated
at a rotary Mo anode (Rigaku, RU-300) operated at 50 kV and
200 mA, and then monochromatized by a flat graphite crystal
to obtain MoKR radiation (the wavelengthλ ) 0.7107 Å). X-ray
scattering intensities for a sample solution sealed in a glass
capillary of 2 mm inner diameter (wall thickness 0.01 mm) were
accumulated on the IP for 1 h. The observed range of the
scattering angle (2θ) was 0.2° to 109°, corresponding to the
scattering vectors ()4πλ-1 sin θ) of 0.03-14.4 Å-1. X-ray
intensities for an empty capillary were also measured as
background.

Two-dimensional X-ray data,Iobsd(x, y), wherex and y are
horizontal and vertical coordinates, measured on the IP were
integrated into one-dimensional data,Iobsd(θ), after correction
for polarization as previously reported.18 The observed intensities
for the samples and empty capillary were also corrected for
absorption.19 The contribution of the sample solution alone was
obtained by subtracting the intensities for the empty capillary
from those for the sample. The corrected intensities were
normalized to absolute units by conventional methods.20-22 The
structure function,i(s), was calculated by using eq 1 in ref 23.
In the data treatment the stoichiometric volumeV was chosen

to contain one O atom from both TFE or TCE and water in the
systems. The structure function was Fourier transformed into
the radial distribution function,D(r), in a usual manner.23 To
perform a quantitative analysis of the X-ray data, a comparison
between the experimental structure function and the theoretical
one, which was calculated on a structure model with eq 5 in
ref 23, was made by a least-squares refinement procedure by
using eq 4 in ref 23. The present X-ray diffraction data were
treated by programs KURVLR24 and NLPLSQ.25

SANS Measurements.TFE-d1-D2O mixtures atxTFE ) 0.05,
0.08, 0.1, 0.13, 0.18, 0.2, 0.4, and 0.6 were prepared in a
nitrogen-filled glovebox to avoid replacing D atoms with H ones.
Preparation of TFE-d2-H2O mixtures atxTFE ) 0.05, 0.08, 0.1,
0.13, 0.18, 0.2, 0.4, 0.6, and 0.8 was made under an ambient
condition. SANS measurements on the sample solutions were
made on the SWAN spectrometer at a pulsed neutron facility
(KENS) of the High Energy Accelerator Research Organization
(KEK), Tsukuba, Japan. The momentum transferQ () 4πλ-1sin
θ) range covered with SWAN was 0.01-12 Å-1.26 The sample
solutions were kept in a quartz cell of 22 mm in width, 25 mm
in height, and 2 mm in sample thickness. The temperature was
kept at 298.2( 0.5 K. The neutron beam size at a sample
position was 20× 20 mm2, and the wavelength range used was
λ ) 1-16 Å. The scattering intensities were accumulated for
3-4 h per sample. The observed intensities were corrected for
background, absorption, and cell scattering. The transmission
by a sample and a cell was measured with3He position sensitive
detector placed at a beam stopper position. The correction for
detector efficiencies and normalization to absolute units was
made by dividing the intensities of each solution by those of
vanadium.26 The incoherent scattering was subtracted from the
normalized intensities. All parameter values required for the
above corrections were taken from the literature.27

1H NMR Relaxation Measurements.1H spin-lattice re-
laxation time,T1, of alcohol molecules in the TFE-water and
ethanol-water mixtures was measured on an FT-NMR spec-
trometer (JEOL, JNM-AL300). The sample solution was kept
in 5 mm sample tube (Shigemi, PS-001) and degassed by five
freeze-pump-thaw cycles before measurements. The probe
temperature was controlled at 298.2( 0.1 K by a mixture of
hot air and a dry nitrogen stream from liquid nitrogen.T1 was
measured by an inversion-recovery method with a pulse
sequence (π-τ-π/2)n, where the numbern of the delay times
τ in the series of the sequence was 13 for the present
experiments. The longest delay time exceeded 5T1. TheT1 data
for each sample solution were measured three times and
averaged to give a final value. The observed frequency range
was 600 or 1000 Hz; sampling points were 2048 or 4096; the
digital resolution range was 0.488-0.586 Hz.

Results and Discussion

LAXS for TFE )Water Mixtures. Figure 1 shows the
s-weighted structure functionsi(s) for pure TFE and the TFE-
water mixtures in the TFE mole fraction range of 0.002e xTFE

e 0.9, together with that of pure water28 for comparison. Figure
2 indicates the corresponding RDFs in theD(r)-4πr2F0 form.

In the RDF for pure TFE (xTFE ) 1), two dominant peaks at
1.4 and 2.3 Å are assigned to intramolecular C2-F(F1, F2, F3),
C1-O, and C1-C2 bonds and C1‚‚‚F and F‚‚‚F nonbonding
interactions within a TFE molecule, respectively (the notation
of the atoms is shown in Figure 3). A small peak at 2.8 Å arises
from the nearest-neighbor O‚‚‚O hydrogen bonds between TFE
molecules. According to an LAXS investigation on pure TFE
by Radnai et al.29 a TFE molecule may possess two conforma-
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tions, g-staggered andg-eclipsed ones, where the F3 atom is
positioned in trans and cis positions against the hydroxyl group,
respectively, a small peak at 3.6 Å can be assigned to O‚‚‚F3

and O‚‚‚F2,3 intramolecular interactions forg-staggered and
g-eclipsed conformers of TFE molecule.29 A large and broad
peak centered at 5.5 Å is attributed to the first- and second-
neighbor interactions among TFE molecules as described below.
Furthermore, the interactions in the range of 8e r/Å e 10 arise
from the third- and fourth-neighbor interactions between TFE
molecules. These features of the RDF for TFE are comparable
with those for ethanol, although the third- and fourth-neighbor
interactions between TFE molecules appear in the longer-range
than those (7e r/Å e 10) between ethanol molecules15-17

because of the more significant contribution of F atoms in the
CF3 group than H ones in the CH3 group. It is thus suggested

that TFE molecules form hydrogen-bonded clusters as well as
ethanol ones.

In the RDF for pure water (xTFE ) 0), three peaks at 2.8, 4.5,
and 7 Å are observed, corresponding to the first-, second-, and
third-neighbor molecules in the hydrogen-bonded network of
water as reported in the literature.30,31

For the TFE-water mixtures, the RDFs in the range of 0.4
e xTFE e 0.9 are comparable with that for pure TFE, though
the intensities of the peaks gradually decrease with decreasing
TFE mole fraction. This shows that inherent TFE structure is
dominant in the mixtures in the range of 0.4e xTFE e 0.9. In
this mole fraction range, the 2.8 Å peak for O‚‚‚O hydrogen
bonds scarcely changes when thexTFE decreases. AtxTFE ) 0.2
and 0.3 the third- and forth-neighbor interactions of TFE
molecules at 8e r/Å e 10 almost disappear, but the first- and
second-neighbor ones centered at∼5 Å are still observed,
showing that inherent TFE structure is considerably distorted
in the mixtures. When thexTFE further decreases to 0.1, the 2.8
Å peak for O‚‚‚O hydrogen bonds is significantly grown. In
addition, the peak at∼5 Å observed in the RDFs atxTFE g 0.2
shifts to the shorter distance∼4.5 Å. At xTFE e 0.1 a new peak
appears at 7 Å, and the RDFs are comparable with that for pure
water. These features suggest that the tetrahedral-like structure
of water is enhanced in the TFE-water mixtures whenxTFE e
0.1, whereas inherent TFE structure almost disappears in the
mixtures. Consequently, the present results of the LAXS
experiments show that the structural transition from inherent
TFE structure to the tetrahedral-like structure of water takes
place betweenxTFE ) 0.1 and 0.2.

To quantitatively analyze the structure of pure TFE and the
TFE-water mixtures, the experimental structure function and
the theoretical one based on a plausible structure model were
compared by using a least-squares refinement procedure. First,
the structure parameter values of the intramolecular interactions
within a TFE molecule were searched to explain the peaks in
the r-space for pure TFE, such as 1.4 and 2.3 Å ones, on the
basis of the values previously determined by the LAXS
investigation.29 Table 1 shows the obtained structure parameter
values of the intramolecular interactions within a TFE molecule,
but they were not refined by using a least-squares refinement

Figure 1. Structure functionsi(s) multiplied bys for TFE, water, and
TFE-water mixtures at variousxTFE. Dotted lines represent experi-
mental values, and solid lines are theoretical ones.

Figure 2. RDFs in theD(r)-4πr2F0 form for TFE, water, and TFE-
water mixtures at variousxTFE. Dotted lines represent experimental
values, and solid lines are theoretical ones.

Figure 3. Structural model of TFE trimer.

TABLE 1: Intramolecular Interactions for TFE and Water
Moleculesa

interaction r 103b n

2,2,2-Trifluoroethanol
O-H 0.960 2 1
C1-H 1.085 1 2
C2-F 1.360 2 3
C1-O 1.402 3 1
C1-C2 1.526 2 1
H‚‚‚H 1.770 5 1
C2‚‚‚H 2.130 5 2
F‚‚‚F 2.144 3 3
C1‚‚‚F 2.380 5 3
C2‚‚‚O 2.390 8 1

g-Staggered Conformer
O‚‚‚F1,F2 2.780 10 1
O‚‚‚F3 3.460 25 0.5

g-Eclipsed Conformer
O‚‚‚F1 2.400 20 0.5
O‚‚‚F2,F3 3.230 15 1

Waterb

O-H 0.970 2 2
H‚‚‚H 1.555 10 1

a The distancer(Å), temperature factorb(Å2), and numbern. b Ref
32.
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TABLE 2: Important Optimized Parameter Values of the Interactions in Water, TFE, and Their Mixtures Obtained by Least-Squares Fitsa

xTFE

interaction parameter 0b 0.002 0.01 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Linear Hydrogen Bond of Water-Water, TFE-Water, and TFE-TFE
O‚‚‚O r 2.826(2) 2.855(3) 2.849(4) 2.841(3) 2.838(3) 2.830(3) 2.821(4) 2.816(5) 2.809(5) 2.805(6) 2.799(8) 2.799(9) 2.793(10) 2.799(8)

103b 17 17 17 16 15 15 12 9 8 8 8 8 8 4
n 3.43(3) 3.51(7) 3.30(6) 3.40(6) 3.32(5) 3.26(6) 2.82(5) 2.54(7) 2.33(6) 2.06(7) 1.86(9) 1.89(11) 1.95(12) 1.91(10)

Interstitial Water Molecules
O‚‚‚O r 3.35 3.35 3.35 3.35 3.35 3.35 3.35 3.35 3.35

103b 15 15 15 15 15 15 15 15 15
n 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Second Neighbor of Water-Water, TFE-Water, and TFE-TFE
O‚‚‚O r 4.50 4.55 4.55 4.55 4.55 4.55 4.55 4.55 4.55 4.55 4.55 4.55 4.55 4.60

103b 90 90 90 90 90 90 90 90 90 90 90 90 90 30
n 1.5 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 0.5

Water around the CF3 Group of TFE
F‚‚‚O r 3.225 3.225 3.225 3.225 3.225 3.225 3.225 3.225 3.225 3.225 3.225 3.225

103b 20 20 20 20 20 20 20 20 20 20 20 20
n 5.5 5.5 5.5 3.0 1.75 1.0 0.6 0.3 0.2 0.1 0.05 0.025

C2‚‚‚O r 3.775 3.775 3.775 3.775 3.775 3.775 3.775 3.775 3.775 3.775 3.775 3.775
103b 20 20 20 20 20 20 20 20 20 20 20 20
n 5.5 5.5 5.5 3.0 1.85 1.000 0.6 0.3 0.2 0.1 0.05 0.030

First Neighbor of TFE-TFE
O‚‚‚F r 3.02 3.02 3.02 3.02 3.02 3.02 3.02 3.02 3.02 3.02 3.02 3.02 3.02

103b 20 20 20 20 20 20 20 20 20 20 20 20 20
n 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05

C1‚‚‚F r 3.30 3.30 3.30 3.30 3.30 3.30 3.30 3.30 3.30 3.30 3.30 3.30 3.30
103b 24 24 24 24 24 24 24 24 24 24 24 24 24
n 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7

C1‚‚‚F,C2‚‚‚F r 4.95 4.95 4.95 4.95 4.95 4.95 4.95 4.95 4.95 4.95 4.95 4.95 4.95
103b 30 30 30 30 30 30 30 30 30 30 30 30 30
n 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0

Second Neighbor of TFE-TFE
O‚‚‚F r 3.80 3.80 3.80 3.80 3.80 3.80 3.80 3.80 3.80 3.80 3.80 3.80 3.80

103b 25 25 25 25 25 25 25 25 25 25 25 25 25
n 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7

First and Second Neighbors of TFE-TFE
F‚‚‚F r 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50

103b 40 40 40 40 40 40 40 40 40 40 40 40 40
n 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0

a The interatomic distancer (Å), the temperature factorb (Å2), the number of interactionsn per TFE molecule. The values in parentheses are standard deviations of the last figure. The parameters without
standard deviations were not allowed to vary in the calculations.bReference 28.
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procedure in the present analysis. When the molar ratio for
g-staggered andg-eclipsed conformations was assumed to be
1:1, the observed RDF for TFE could be explained well.
Intermolecular interactions among TFE molecules in pure TFE
were estimated by slightly modifying a trimer model proposed
by Radnai et al.29 In Figure 3, the modified trimer model is
shown; three TFE molecules are hydrogen-bonded as the CF3

groups are apart from each other due to its bulkiness. The
structure parameter values of the modified trimer model
reproduced well the experimental RDF for TFE atr e ∼7 Å.

For the TFE-water mixtures, the structure parameter values
of the intramolecular interactions for TFE and water molecules
obtained from the above-mentioned analysis and the previous
large-angle neutron scattering experiments,32 respectively, were
utilized. The structure parameter values of the modified trimer
model and the tetrahedral-like structure of water, accompanied
by nonbonding interstitial water molecules, were applied to
search a plausible model. The experimental RDFs for the TFE-
water mixtures could be explained by slightly modifying these
structure parameter values. In the present analysis, the long-
range interactions beyond∼5.5 Å were not taken into account
due to their complexity. Instead, a continuum electron distribu-
tion was assumed for the individual atoms. Finally, a least-
squares fitting procedure was performed on the structure
functions for TFE and the TFE-water mixtures over thes range
from 0.1 to 14.4 Å-1 to optimize the structure parameter values
in the model. The structure parameter values of the intramo-
lecular interactions for TFE and water molecules were not
allowed to vary in the least-squares fitting. In Table 2, the
important optimized values are summarized and shown in the
structure model (Figure 3). All the structure parameter values
for the intermolecular interactions for TFE and the TFE-water
mixtures are listed in Table S2 in the Supporting Information.
Figures 1 and 2 show that the theoreticalsi(s) and RDFs
calculated by using the parameter values in Table S2 reproduce
well the observed values, except for the long-range interactions
at s e ∼3.5 Å-1 and r > ∼5.5-6.5 Å not considered in the
present analysis. The structure of pure TFE obtained agrees with
that from the previous LAXS measurement by Radnai et al.29

For TFE the distance (2.799( 0.008 Å) of O‚‚‚O hydrogen
bonds is comparable with that (2.85( 0.01 Å) for ethanol
estimated by a peak separation procedure in ther-space in the
previous investigation.17 The number (1.91( 0.10) of O‚‚‚O
hydrogen bonds for TFE is also close to that (1.9( 0.1) for
ethanol.17 These results reveal that TFE molecules form
hydrogen-bonded chain clusters in the liquid as well as ethanol
ones. As seen in Table 2, the distance of O‚‚‚O hydrogen bonds
for the TFE-water mixtures gradually increases with decreasing
xTFE (with increasing water content). The same tendency was
observed for aqueous mixtures of aliphatic alcohols;28,33,34the
O‚‚‚O distance between water molecules in the tetrahedral-like
structure of water, where one water molecule is bound with four
water molecules, may be slightly longer than that between
alcohol molecules in a chainlike structure of alcohol. Hence,
the increase in the O‚‚‚O distance suggests that the tetrahedral-
like structure of water is gradually evolved in the TFE-water
mixtures when the water content increases.

Figure 4 shows the number of O‚‚‚O hydrogen bonds for the
TFE-water mixtures as a function of alcohol mole fractionxalc,
together with that for ethanol-water mixtures estimated by a
peak separation procedure in ther-space for comparison.17 As
seen in Figure 4, the number of O‚‚‚O hydrogen bonds for the
TFE-water mixtures does not significantly change with de-
creasingxTFE from 1 to 0.7. On the other hand, that for ethanol-

water mixtures markedly increases by addition of water to
ethanol. This significant difference between the TFE-water and
ethanol-water mixtures may be attributed to the very lower
electrondonicity of the hydroxyl group of TFE molecule than
that for ethanol one due to the electronegativity of F atoms. In
fact, the donor numberDN for TFE is still ambiguous due
probably to its very small value, while that for ethanol is 20.35

The acceptor numberAN (53.3) for TFE36 is larger than that
(37.1) for ethanol.35 The unbalance between donicity and
acceptability of TFE molecule will be disadvantage to form
hydrogen bonds with water molecules in the TFE-water
mixtures. On the other hand, ethanol molecules can be hydrogen-
bonded easily with water molecules as both hydrogen donor
and hydrogen acceptor.15-17 When the water content increases
from xTFE ) 0.6 to 0.2, the number of O‚‚‚O hydrogen bonds
for the TFE-water mixtures significantly increases, suggesting
that the tetrahedral-like structure of water is gradually evolved
in the mixtures with increasing water content. In the range of
xTFE < ∼0.2, the number of O‚‚‚O hydrogen bonds is compa-
rable with that for bulk water. Consequently, two break points
at xTFE ≈ 0.2 and 0.7 appear in the plot of the number of O‚‚‚O
hydrogen bonds for the TFE-water mixtures againstxTFE. The
former is comparable with that for ethanol-water mixtures.17

It is suggested that the structural transition from the inherent
TFE structure to the tetrahedral-like structure of water takes
place in the TFE-water mixtures atxTFE ≈ 0.2 as well as in
ethanol-water mixtures.

However, it should be noted that whenxTFE > ∼0.2 the
number of O‚‚‚O hydrogen bonds for the TFE-water mixtures
more rapidly decreases than that for ethanol-water mixtures.
This suggests that the tetrahedral-like structure of water is more
promptly disrupted in the TFE-water mixtures with increasing
xTFE due to the larger CF3 group of TFE molecule than the ethyl
group of ethanol one. The prompt disruption of the water
structure in the TFE-water mixtures is demonstrated from the
two other structure parameters listed in Table 2. The distance
of O‚‚‚O hydrogen bonds for the TFE-water mixtures in the
range of 0.002e xTFE e 0.1, where the tetrahedral-like structure
of water is dominant, is elongated from that for pure water
beyond the experimental uncertainties. This tendency was not
found for aqueous mixtures of aliphatic alcohols previously
investigated.17,28,33,34It is probable that O‚‚‚O hydrogen bonds
among water molecules are already weakened when TFE is
added into water even atxTFE ) 0.002. Although the number
of nonbonding interstitial water molecules for the TFE-water
mixtures could not be optimized by the least-squares refinement
procedure due to overlap of the TFE-TFE intermolecular

Figure 4. Coordination numbers per oxygen atom within alcohol and
water molecules for TFE-water (filled circle) and ethanol-water17

(opened circle) mixtures as a function of alcohol mole fractionxalc.
The standard deviationsσ were indicated as error bars.
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interactions, such as C1‚‚‚F, to the interaction of interstitial water
molecules, the values show the presence of the interstitial water
molecules in the TFE-water mixtures in the range of 0e xTFE

e 0.5. On the other hand, the interstitial water molecules were
observed in ethanol-water mixtures in the wider range of 0e
xEtOH e 0.6 as described in the previous investigation.17 This
difference between the TFE-water and ethanol-water mixtures
also shows that the water structure in the TFE-water mixtures
is more rapidly disrupted with increasingxTFE than those in
ethanol-water mixtures.

The present results from the LAXS measurements show the
structural change in the solvent clusters formed in the TFE-
water mixtures with TFE mole fraction as follows: (1) TFE
molecules form clusters via hydrogen bonding in pure TFE, and
(2) the tetrahedral-like structure of water is gradually evolved
in the mixtures atxTFE < ∼0.7, and both TFE clusters and water
clusters coexist in the mixtures in the range of∼0.2 < xTFE <
∼0.7, (3) but the water clusters predominates in the mixtures
at xTFE < ∼0.2.

LAXS for TCE )Water Mixtures. In Figure 5, the
s-weighted structure functionsi(s) for pure TCE and the TCE-
water mixtures in the TCE mole fraction range of 0.5e xTCE

e 0.9 are depicted, together with that for pure water28 for
comparison. Figure 6 shows the corresponding RDFs in theD(r)
- 4πr2F0 form.

In the RDF for pure TCE (xTCE ) 1) a peak at 1.8 Å is mainly
assigned to the C2-Cl bond within a TCE molecule (Figure 7
shows the notation of atoms). A sharp peak at 2.9 Å arises from
Cl‚‚‚Cl and C1‚‚‚Cl nonbonding interactions within a TCE
molecule. Moreover, peaks at 2.9 and 3.9 Å can be assigned to
O‚‚‚Cl1,2 and O‚‚‚Cl3 nonbonding interactions in ag-staggered
conformation of TCE molecule, respectively. The intramolecular
interactions of C1-C2 and C1-O bonds and C2‚‚‚O nonbonding
interaction should appear at 1.4 and 2.4 Å. However, the
contribution of C-C and C-O interactions to the RDF for TCE
is very small because interactions related to Cl atoms are large
due to the very larger X-ray scattering factor of Cl atom than
C and O ones. Therefore, O‚‚‚O interactions between TCE
molecules by hydrogen bonding are superimposed into the larger
Cl‚‚‚Cl and C1‚‚‚Cl interactions at 2.9 Å. For the intermolecular
interactions, the 3.9 Å peak is assigned to the first-neighbors
between TCE molecules, such as Cl‚‚‚C. A large peak centered
at ∼6.1 Å corresponds to the second- and third-neighbor
interactions of TCE molecules.

The RDFs for the TCE-water mixtures in the TCE mole
fraction range of 0.5e xTCE e 0.9 are comparable with that
for pure TCE though the amplitudes of the intermolecular
interactions at 3.9 and∼6.1 Å decrease with decreasingxTCE.
This suggests that inherent TCE structure is kept in the TCE-
water mixtures at 0.5e xTCE e 0.9. This result and the fact
that water is not miscible with TCE atxTCE < 0.5 imply that
water molecules may be embedded into vacancies of the TCE
structure.

To clarify the structure of pure TCE at the molecular level,
first, intramolecular interactions within a TCE molecule were
built up by modifying those obtained from an ab initio
investigation37 to reproduce the peaks at 1.8, 2.8, and 3.9 Å in
the r-space. The intramolecular parameter values are listed in
Table 3, but were not refined by using a least-squares fitting
procedure on the structure-function. This shows that TCE
molecule has ag-staggered conformation in pure TCE, while
TFE molecule has bothg-staggered andg-eclipsed conforma-
tions at the 1:1 ratio in the liquid. It is probable that ag-eclipsed
conformation for TCE molecule causes a large steric hindrance
of Cl atoms for the hydroxyl O atom rather than that of F atoms.
A plausible structure model for the intermolecular interactions
was constructed in a trial-and-error manner in ther-space over
the range ofr/Å e 7. The structure model obtained is depicted
in Figure 7. As seen in the model, TCE molecules form a dimer
through hydrogen bonding. Additionally, three dimers aggregate
a triangle shape of cluster, where the CCl3 groups are arranged
on the corners of a triangle, interact among them due to van
der Waals force. For the TCE-water mixtures a combination
of the inherent TCE structure and the tetrahedral-like structure

Figure 5. Structure functionsi(s) multiplied bys for TCE, water, and
TCE-water mixtures at variousxTCE. Dotted lines represent experi-
mental values, and solid lines are theoretical ones. The value in
parentheses is a multiplication factor applied to the original one for
clarity.

Figure 6. RDFs in theD(r)-4πr2F0 form for TCE, water, and TCE-
water mixtures at variousxTCE. Dotted lines represent experimental
values, and solid lines are theoretical ones.

Figure 7. Structural model of the TCE cluster.
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of water with nonbonding interstitial water molecules was used
as a structure model. Indeed, the model could explain well the
experimental values in ther-space.

A least-squares fitting procedure was performed on the
structure functions for pure TCE and the TCE-water mixtures
over thes range from 0.1 to 14.4 Å-1 by using the structure
parameter values of the model. However, the structure parameter
values for the O‚‚‚O hydrogen bonds could not be optimized
because of their small contribution to the RDFs for TCE and
the TCE-water mixtures. In the present analysis, thus, the
structure parameter values for a continuum electron distribution
were only refined by using a least-squares refinement on the
structure functions. The important structure parameter values
are summarized in Table 4 and indicated in the structure model
(Figure 7). In Table S4 in the Supporting Information, all the
structure parameter values for the intermolecular interactions
in TCE and the TCE-water mixtures were given. The theoreti-
cal si(s) and RDFs calculated by using the parameter values in
Table 4S reproduce well the observed values in the range ofs
> ∼3.5 Å-1 and r < ∼6.5 Å, where the structure parameter
values were built up. Although the structural parameters for O‚
‚‚O hydrogen bonds could not be optimized, Table 4 reveals
the increase in the number of O‚‚‚O hydrogen bonds for the
TCE-water mixtures with increasing water content. This may
be caused mainly by enhancement of O‚‚‚O hydrogen bonds
among water molecules in the mixtures with increasing water
content, but TCE molecules may not be hydrogen-bonded with
water ones due to the large hydrophobicity of the CCl3 group.
Actually, water is not miscible at 298 K with TCE in the range
of xTCE < 0.5.

SANS for TFE)Water Mixtures. Figures 8 and 9 show
Ornstein-Zernike plots of the normalized SANS intensities for
the TFE-d1-D2O and TFE-d2-H2O mixtures at various TFE
mole fractions, respectively; the reciprocal intensities for the
mixtures are plotted as a function ofQ2 in the range of 1×
10-3 e Q2/Å-1 e 2 × 10-2. The SANS intensities of the TFE-
d1-D2O mixtures mainly give us information on clustering of
water molecules due to the larger neutron scattering length
(6.671 fm) of the D atom than that (-3.739 fm) of the H one,
whereas those for the TFE-d2-H2O mixtures mainly show
clustering of TFE molecules.

As shown in Figure 8, the slopes of the reciprocal SANS
intensities for the TFE-d1-D2O mixtures againstQ2 are obvi-
ously positive in the range of 0.1e xTFE e 0.2, but almost flat
or slightly negative in the ranges ofxTFE e 0.08 andxTFE g

TABLE 3: Intramolecular Interactions for TCE Molecule a

interaction r 103b n

2,2,2-Trichloroethanol
O-H 0.960 2 1.0
C1-H 1.085 1 2.0
C2-Cl 1.760 2 3.0
C1-O 1.410 3 1.0
C1-C2 1.510 2 1.0
H‚‚‚H 1.770 5 1.0
C2‚‚‚H 2.130 9 2.0
Cl‚‚‚Cl 2.875 4.8 3.0
C1‚‚‚Cl 2.673 6 3.0
C2‚‚‚O 2.385 6 1.0

g-Staggered Conformer
O‚‚‚Cl1,Cl2 2.985 35 2.0
O‚‚‚Cl3 3.941 20 1.0
H‚‚‚H 1.518 10 1.0

a The distancer (Å), temperature factorb (Å2), and numbern.

TABLE 4: Important Parameter Values of the Interactions
in TCE and TCE-Water Mixtures at 0.5 e xTCE e 0.9
Obtained by Least-Squares Fitsa

xTCE

iinteraction parameter 0.5 0.6 0.7 0.8 0.9 1

Linear Hydrogen Bond of Water-Water,
TCE-Water, and TCE-TCE

O‚‚‚O r 2.890 2.897 2.897 2.897 2.897 2.897
103b 8 10 10 9 8 8
n 3.16 3.10 2.80 1.95 0.90 0.8

Second Neighbor of Water-Water and TCE-TCE
O‚‚‚O r 4.55 4.55 4.55 4.55 4.55

103b 90 90 90 90 90
n 1.5 1.5 1.5 1.5 1.5

Water around the CCl3 Group of TCE
Cl‚‚‚O r 3.80 3.80 3.80

103b 30 30 30
n 0.4 0.75 0.50

Interactions of Hydrogen-Bonded TCE-TCE
O‚‚‚Cl3 r 3.07 3.07 3.07 3.07 3.07 3.07

103b 30 30 30 30 30 30
n 0.8 0.8 0.8 0.8 0.8 0.8

Cl3‚‚‚Cl3 r 3.463 3.463 3.463 3.463 3.463 3.463
103b 10 10 10 10 10 10
n 0.4 0.4 0.4 0.4 0.4 0.4

Cl2‚‚‚Cl3 r 3.817 3.817 3.817 3.817 3.817 3.817
103b 10 10 10 10 10 10
n 0.8 0.8 0.8 0.8 0.8 0.8

Interactions Between Hydrogen-Bonded TCE Dimers
Cl2‚‚‚Cl2 r 4.71 4.71 4.71 4.71 4.71 4.71

103b 45 45 45 45 45 45
n 0.4 0.4 0.4 0.4 0.4 0.4

Cl3‚‚‚Cl3 r 5.354 5.354 5.354 5.354 5.354 5.354
103b 40 40 40 40 40 40
n 0.4 0.4 0.4 0.4 0.4 0.4

Interactions between Hydrogen-Bonded TCE Dimers
Cl3‚‚‚Cl3 r 4.377 4.377 4.377 4.377 4.377 4.377

103b 10 10 10 10 10 10
n 0.32 0.32 0.32 0.32 0.32 0.32

Cl1‚‚‚Cl3, r 6.159 6.159 6.159 6.159 6.159 6.159
Cl2‚‚‚Cl3 103b 60 60 60 60 60 60

n 0.72 0.72 0.72 0.72 0.72 0.72

a The interatomic distancer (Å), the temperature factorb (Å2), the
number of interactionsn per TCE molecule, and the continuum electron
distributionR (Å) and B (Å2). The values in parentheses are standard
deviations of the last figure. The parameters without standard deviations
were not allowed to vary in the calculations.

Figure 8. Ornstein-Zernike plots of the SANS intensities for the TFE-
d1-D2O mixtures at variousxTFE. Circles represent the experimental
values and solid lines the theoretical ones. The values in parentheses
are those shifted from the origin to avoid overlap of the plots.
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0.4. In addition, the experimental values for the TFE-d1-D2O
mixtures atxTFE ) 0.05, 0.4, and 0.6 are slightly dispersed,
showing that the SANS intensities are weak at the mole
fractions. These features show that the concentration fluctuation
in the TFE-d1-D2O mixtures is enhanced in the narrow range
of 0.1 e xTFE e 0.2, i.e., D2O clusters are evolved in the
mixtures in this range. Figure 9 reveals less significant difference
among the slopes of the reciprocal SANS intensities for the TFE-
d2-H2O mixtures at the mole fractions investigated. However,
the dispersed experimental values for the mixtures atxTFE )
0.6 and 0.8 indicate their weak SANS intensities. On the other
hand, the experimental values for the TFE-d2-H2O mixtures
in the range of 0.05e xTFE e 0.2 are not dispersed, and their
slopes are positive. It is suggested that formation of TFE clusters
progresses in the mixtures in this range. These results for the
TFE-d1-D2O and TFE-d2-H2O mixtures are consistent with
each other; both TFE clusters and water clusters are most
enhanced in TFE-water mixtures in the narrow range of 0.1e
xTFE e 0.2, i.e., TFE and water molecules are inhomogeneously
mixed in this range.

To make a quantitative analysis on the SANS intensities for
the TFE-d1-D2O and TFE-d2-H2O mixtures, the reciprocal
intensities as a function ofQ2 are fitted by a least-squares
refinement procedure using the Ornstein-Zernike38 equation,

whereê represents the Ornstein-Zernike correlation length. As
seen in Figures 8 and 9, the theoretical values (solid line)
obtained from the least-squares fits reproduce the experimental
ones. In Table 5, the optimized correlation lengths are listed.
For the TFE-d1-D2O mixtures atxTFE ) 0.05, 0.4, and 0.6 and
the TFE-d2-H2O mixture atxTFE ) 0.8 the correlation lengths
could not be obtained with reasonable reliability because of their
weak SANS intensities. Parts a and b of Figure 10 show the
correlation lengthsê for the TFE-d1-D2O and TFE-d2-H2O
mixtures as a function ofxTFE, respectively. The correlation
lengthsê for the TFE-d1-D2O mixtures as a function ofxTFE

have a sharp peak atxTFE ≈ 0.15 with ê ≈ 4 Å. A similar
tendency is observed in the correlation length for the TFE-d2-
H2O mixtures as a function ofxTFE. These findings clearly show

that TFE clusters and water clusters are most significantly
evolved in the mixtures atxTFE ≈ 0.15. The maximum atxTFE

≈ 0.15 is close to the break point atxTFE ) 0.2 in the number
of O‚‚‚O hydrogen bonds determined from the LAXS experi-
ments, where the structural transition from the inherent TFE
structure to the tetrahedral-like structure of water takes place.

The previous SAXS39 and SANS40 investigations on ethanol-
water mixtures revealed weaker scattering intensities than those
for the TFE-water mixtures, suggesting that the concentration
fluctuation for ethanol-water mixtures is less significant than
for TFE-water ones. Thus, the larger hydrophobicity for the
CF3 group of TFE molecule induces the heterogeneities of the
TFE-water mixtures. On the other hand, the previous investiga-
tion on HFIP-water mixtures showed that the correlation length
ê reaches a maximum atxHFIP ) 0.071 withê ≈ 10 Å.12 Hence,
HFIP molecules lead to more rapid and significant clustering
of HFIP molecules than TFE molecules when HFIP is added
into water. This is caused by the larger size and the more CF3

groups of HFIP molecule than TFE one. Thus, the 2-propanol
skeleton is larger than the ethanol one. In fact, the SAXS
investigations indicated that the concentration fluctuation for
2-propanol-water mixtures41 is larger by a factor of∼6 than
that for ethanol-water mixtures.39 In addition, two hydrophobic
CF3 groups of HFIP molecule may lead enhancement of
clustering of HFIP molecules in HFIP-water mixtures.

1H NMR Relaxation. The 1H NMR relaxation ratesR1

() T1
-1) for the methylene (CH2) group of TFE and ethanol

molecules in the TFE-water and ethanol-water mixtures are

Figure 9. Ornstein-Zernike plots of the SANS intensities for the TFE-
d2-H2O mixtures at variousxTFE. Circles represent the experimental
values and solid lines the theoretical ones. The values in parentheses
are those shifted from the origin to avoid overlap of the plots.

Icorr(Q)-1 ) I(0)-1[1 + ê2Q2] (1)

Figure 10. Correlation lengthsê for (a) TFE-d1-D2O and (b) TFE-
d2-H2O mixtures as a function of TFE mole fraction. The solid lines
are drawn to clarify their variation. The standard deviationsσ were
indicated as error bars.

TABLE 5: Correlation Lengths ê (Å) for TFE- d1-D2O and
TFE-d2-H2O Mixtures as a Function of TFE Mole Fraction
Obtained from the SANS Measurements

xTFE ê(TFE-d1-D2O) ê(TFE-d2-H2O)

0.05 2.02(11)
0.08 1.81(12) 2.55(11)
0.1 3.59(14) 3.18(11)
0.13 3.83(12) 3.56(12)
0.18 3.28(11) 3.34(11)
0.2 3.60(11) 3.33(10)
0.4 2.22(13)
0.6 2.47(14)
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given in Table 6 and plotted as a function of alcohol mole
fractionxalc in Figure 11. In the neat alcohols, the1H relaxation
for the CH2 group of alcohol molecules is governed mainly with
intramolecular and intermolecular1H-1H dipole interactions.
In the alcohol-water mixtures, on the other hand, the intermo-
lecular 1H-1H dipole interaction between alcohol and water
molecules also contributes to the1H relaxation for the CH2
group. Furthermore, the intramolecular and intermolecular1H-
19F dipole interactions may affect the relaxation in the TFE-
water mixtures. Therefore, the relaxation rates measured for the
CH2 group in both mixtures involve complex information on
the translational and rotational motions of alcohol molecules
in the mixtures.42,43 Nevertheless, Figure 11 shows interesting
features of theR1 values for the CH2 groups of TFE and ethanol
molecules in both mixtures. For the TFE-water mixtures the
R1 values for the CH2 group monotonically decrease with
decreasingxTFE from 1 to 0.15 and then do more quickly when
the mole fraction is further decreased; i.e., a break point appears
atxTFE ≈ 0.15. This agrees with those in the number of hydrogen
bonds and the Ornstein-Zernike correlation lengthê determined
by the present LAXS and SANS experiments, respectively. On
the other hand, for the ethanol-water mixtures theR1 value
for the CH2 group slightly increases when thexEtOH decreases
from 1 to∼0.3 and decreases with further decreasingxEtOH. It
results in a maximum atxEtOH ≈ 0.3, which is close to a break
point atxEtOH ) 0.2 in the number of hydrogen bonds and the
average hydration number of ethanol clusters as a function of
xEtOH obtained from the previous LAXS and mass spectrometric
experiments, respectively.15-17 It is thus shown that both points
atxTFE ≈ 0.15 andxEtOH ≈ 0.3 for the TFE-water and ethanol-
water mixtures, respectively, reflect the structural transition from
alcohol clusters to the tetrahedral-like structure of water at each
mole fraction.

The difference between the changes in theR1 values for the
TFE-water and ethanol-water mixtures can be explained as
follows. TheR1 value for pure TFE is twice as large as that for
pure ethanol, suggesting that the motions of TFE molecule are
slower than those of ethanol one. This is caused by the heavier
TFE molecule as compared with the ethanol one; i.e., the
molecular weight (100.04) for TFE is larger by a factor of∼2
than that (46.07) of ethanol. In the ethanol-water mixtures at
0.2< xEtOH < 1, as concluded in the previous investigation,15-17

ethanol clusters are predominantly formed and can easily interact
with water molecules by hydrogen bonding. Hence, the motions
of ethanol molecules in ethanol clusters may be gradually
restricted with increasing water content, leading to the increase
in the R1 value fromxEtOH ) 1 to ∼0.3. On the other hand, in
the TFE-water mixtures at∼0.15< xTFE < 1, as discussed in
the LAXS section, TFE molecules are less easily hydrogen-
bonded with themselves and water molecules than ethanol ones
because of the weak electrondonicity of the hydroxyl group of
TFE molecule. Thus, the motions of TFE molecules in TFE
clusters are not significantly retarded in the TFE-water mixtures
with increasing water content, but gradually become free.
Consequently, theR1 value monotonically decreases with
increasing water content fromxTFE ) 1 to ∼0.15.

In the TFE-water and ethanol-water mixtures atxTFE

< ∼0.15 andxEtOH < ∼0.3, respectively, where the tetrahedral-
like structure of water predominates, the motions of both TFE
and ethanol molecules rapidly become free with increasing water
content due probably to an increase of alcohol monomers in
the mixtures. Hence, theR1 values for both mixtures drastically
decrease with increasing water content.

Structure of TFE)Water and TCE)Water Mixtures. On
the basis of all the results presented, a plausible structural change
in solvent clusters predominantly formed in the TFE-water
mixtures with TFE mole fraction is proposed as follows. In the
range of 0.7< xTFE < 1, the inherent TFE structure is dominant
in the TFE-water mixtures. In the TFE structure, TFE
molecules are hydrogen-bonded to other molecules as the CF3

groups are apart from each other due to the steric hindrance.
When the water content increases fromxTFE ≈ 0.7, the
tetrahedral-like structure of water is gradually evolved in the
mixtures. TFE and water molecules are heterogeneously mixed
with each other at the molecular level; both TFE and water
clusters coexist in the TFE-water mixtures. This microhetero-
geneity is most enhanced in the TFE-water mixtures atxTFE

≈ 0.15. On the contrary, in the range ofxTFE < ∼0.15 the
tetrahedral-like structure of water predominates in the TFE-
water mixtures, and TFE monomers may be hydrated in the
water clusters. It is thus concluded that the structural transition
from the inherent TFE structure to the tetrahedral-like structure
of water takes place atxTFE ≈ 0.15. The structural transition
point for the TFE-water mixture is slightly lower than that
(xEtOH ≈ 0.2) for ethanol-water mixtures.15-17 This arises from
the larger CF3 group of TFE molecule than the CH3 group of
ethanol one, i.e., the tetrahedral-like structure of water is quickly
disrupted by addition of TFE to water.

Beyond the structural transition point (xTFE g ∼0.15), TFE
molecules form their clusters in the TFE-water mixtures. Here,
a driving force of the clustering may be the hydrophobic
interaction among the CF3 groups rather than hydrogen bonding
between TFE molecules because of the weak hydrogen-bond
acceptor (low electrondonicity) of the hydroxyl group due to
the strong electrondrawing of F atoms. From the same reason
TFE molecules cannot be strongly hydrogen-bonded with water
molecules. On the other hand, the ethanol molecule can be easily

Figure 11. 1H NMR relaxation ratesR1 for the methylene (CH2) group
of TFE and ethanol molecules in TFE-water (filled circles) and
ethanol-water (open circles) mixtures. The standard deviationsσ were
indicated as error bars.

TABLE 6: 1H NMR Relaxation Rates R1 for Methylene
Groups of TFE and Ethanol Molecules in TFE-Water and
Ethanol-Water Mixtures at Various Mole Fractions

TFE-water ethanol-water

xTFE R1/s-1 xEtOH R1/s-1

0.05 0.199(23) 0.05 0.215(6)
0.08 0.279(23)
0.1 0.288(9) 0.1 0.280(13)
0.15 0.314(12) 0.15 0.290(28)
0.2 0.326(11) 0.2 0.343(9)
0.3 0.350(24) 0.3 0.356(2)
0.4 0.366(5) 0.4 0.358(6)
0.5 0.415(9) 0.5 0.354(20)
0.6 0.439(27) 0.6 0.342(18)
0.8 0.505(10) 0.8 0.328(16)
1 0.574(12) 1 0.306(5)
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hydrogen-bonded with other ethanol molecules and water ones
due to the suitable abilities for hydrogen-bond acceptor and
donor of the hydroxyl group. Thus, the microheterogeneity of
the TFE-water mixtures is more significant than that for
ethanol-water mixtures. The weaker intermolecular interactions
between TFE molecules than ethanol ones influence the
dynamics of TFE molecules in the TFE-water mixtures. The
motions of TFE molecules in TFE clusters gradually become
free with increasing water content, while those of ethanol
molecules in ethanol clusters are retarded with increasing water
content probably because ethanol clusters are strengthened by
hydration of water molecules. For HFIP-water mixtures, the
further large hydrophobic group of HFIP molecule than TFE
one together with the weak hydrogen-bond acceptor of the
hydroxyl group lead to the lower structural transition point (xHFIP

≈ 0.1) and the more significant microheterogeneity than that
for the TFE-water mixtures.12

In the TCE-water mixtures, the inherent TCE structure
remains in the range of 0.5e xTCE < 1. In the TCE structure,
TCE molecules form dimers by hydrogen bonding, but not
chainlike clusters. Additionally, the dimers aggregate with the
hydrophobic interactions among the CCl3 groups. This is
attributed to that hydrogen bonds between TCE molecules
cannot be easily formed due to the steric hindrance of the very
large CCl3 group and the weak hydrogen-bond acceptor of the
hydroxyl group. The two factors lead to that water molecules
are not miscible with TCE molecules atxTCE < 0.5. In the range
of 0.5 e xTCE < 1, water molecules will exist in vacancies of
the TCE structure.
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